The different physiognomies and soil conditions across the Cerrado gradient may influence soil microbial biomass. The present study evaluated the soil microbial biomass and enzyme activity across a preserved Cerrado gradient and correlated these with environmental conditions. The site, sampling period and their interaction influenced soil microbial biomass and activity. Soil conditions, i.e., chemical and microclimatic properties, varied across the Cerrado gradient and influenced soil microbial biomass and activity. The highest and lowest values for microbial biomass and enzyme activity were found in Cerradao and Campo graminoide, respectively, during both seasons. Multivariate analysis showed that the sites were clearly separated into different groups, indicating that distinct physiognomies and environmental conditions influenced soil microbial biomass and enzyme activities.
INTRODUCTION
The Brazilian Cerrado is recognized as one of the most important tropical biomes, with significant plant and animal diversity (Amaral et al., 2006) . However, this biome is one of the least protected: an estimated 6.5% of the Cerrado is preserved within the Conservation Units (CU) in Brazil (Ribeiro et al., 2016) . In northeastern Brazil, Sete Cidades National Park is one important CU, covering 6.221 ha, and presents a vegetation gradient from 'Campo graminoide' (grassland formation) to 'Cerrado stricto sensu' (shrubby and arboreal formation) and 'Cerradao' (arboreal formation) (Coutinho, 1978) . These different physiognomies across the gradient within Sete Cidades National Park have influenced soil chemical properties and microclimatic conditions (Lucena et al., 2014) and therefore may influence the soil microbial biomass.
Soil microbial biomass (SMB) is the living fraction of soil organic matter (SOM) and participates in several important biological processes, such as organic matter synthesis and decomposition, and nutrient mineralization (Marinari et al., 2006) . These biological processes are mediated by soil enzymes that act on the biogeochemical cycles and contribute to the nutrient supply for plants and microorganisms (Burns et al., 2013) . Therefore, the evaluation of SMB and its biochemical processes is important to understand the influence of different Cerrado vegetation and environmental conditions on soil microbial properties.
Previous studies in the Brazilian Cerrado have shown that physiognomies with arboreal formation, such as Cerradao, present higher microbial biomass and activity (Nardoto & Bustamante, 2003; Mendes et al., 2012) . However, the studies reported by Nardoto & Bustamante (2003) and Mendes et al. (2012) evaluated unprotected Cerrado vegetation from the Central Plateau. Thus, the behavior of the soil microbial biomass in a vegetation gradient in a protected Brazilian Cerrado, such as Sete Cidades National Park, remains unclear. Additionally, Sete Cidades National Park presents different types of vegetation and soil conditions from the ones observed in other areas under the Brazilian Cerrado. Therefore, we hypothesized that the different physiognomies and soil conditions across the Cerrado gradient within Sete Cidades National Park would significantly influence soil microbial biomass and biochemical processes. This study aimed to evaluate the soil microbial biomass and enzyme activity across a gradient of different Cerrado physiognomies within Sete Cidades National Park and correlate the results with the environmental conditions.
MATERIAL AND METHODS

Study area
The study was conducted within Sete Cidades National Park (PNSC) (04°02'-08'S and 41°40'-45'W), located in the northeastern state of Piauí. The park covers an area of 6,221 ha. The climate is sub-humid with two distinct seasons (wet and dry) during the year, with higher annual average temperatures at 25 °C. The area has an annual average rainfall of 1,558 mm, concentrated during February, March and April. Soil is classified as a Typical Quartzipisamment with 926 g kg -1 of sand, 39 g kg -1 of silt, and 30 g kg -1 of clay.
We evaluated preserved sites (1.000 m 2 each) under Cerrado regime belonging to the long-term ecological program (PELD-CNPq) of the Brazilian government, over a gradient of different Cerrado formations ranging from Campo graminoide (GRA) to Cerrado strictu sensu (CSS) and Cerradao (CD) ( Table 1) . GRA is mainly covered by a continuous grass stratum that does not exist in CD, whereas CD is covered by a woody stratum with varying shrub and tree density that is absent in GRA. The intermediary CSS is covered by grass, shrubs, low trees and woody stratum. 
Soil sampling and chemical analysis
Each site was divided into three transects (replications) where soil samples (500g) were collected at a depth of 0-20 cm (three points per transect) in May (rainy season) and October (dry season) 2014. All soil samples were immediately stored in sealed plastic bags and transported in an ice box to the laboratory. A portion of the soil samples (300g) was stored in bags and kept at 4 °C for microbial analysis, and another portion (200g) was air-dried, sieved through a 2-mm screen and homogenized for chemical analyses.
Soil chemical properties were determined and measured using standard laboratory procedures. Soil pH was determined in a 1:2.5 soil/water extract. Available P and exchangeable Ca, Mg and K were estimated according to EMBRAPA (1999) . Total organic C (TOC) was determined by the wet combustion method using a mixture of potassium dichromate and sulfuric acid under heating (Yeomans & Bremner, 1998) , and total N (TN) was determined by Kjeldahl digestion as described by Bremner (1996) . During each soil sampling, the soil temperature was measured for 5 minutes at 10 cm depth using a probe thermometer.
Soil microbial biomass and enzyme activity
Soil microbial biomass C (MBC) was determined according to Vance et al. (1987) through the extraction of C from fumigated and unfumigated soils by K 2 SO 4 . An extraction efficiency coefficient of 0.38 was used to convert the difference in C between fumigated and unfumigated soil in MBC. Basal respiration, dehydrogenase (DEH), and fluorescein diacetate hydrolysis (FDA) were analyzed as measures indicative of general soil microbial activity. Soil basal respiration was determined according to Alef (1995) over seven days. FDA was determined according to the method of Schnürer & Rosswall (1982) . DHA was determined using the method described in Casida et al. (1964) . The β-glucosidase activity was measured as indicated by Eivazi & Tabatabai (1988) . The phosphatase activity was measured by the method proposed by Tabatabai & Bremner (1969) . The arylsulfatase activity was determined by the method of Tabatabai & Bremner (1970) . The urease activity was determined according to the method proposed by Kandeler & Gerber (1988) . The qCO 2 was calculated as the ratio of basal respiration to MBC. The qCO 2 results were expressed as g CO 2 -C d -1 g -1 MBC. The qMic was calculated as the ratio between MBC and TOC. The results are expressed on the basis of oven-dried soil. All measurements were performed in triplicate.
Statistical analysis
Split-split plot analysis of variance (ANOVA) was used to test the effect of different sites (Grassland, Cerrado SS and Cerradao), seasons (dry and rainy season) and the interaction between sites and seasons on the evaluated soil microbial properties.
We used non-metric multidimensional scaling (Kruskal, 1964) (NMS) to assess the effects of the different vegetation types on the soil microbial properties using the Sørensen distance measure and the 'slow and thorough' autopilot setting. Prior to analysis, the data were normalized by totals for each variable to account for the differences in the variable units. To interpret the relationship between microbial properties and chemical and microclimatic properties with the ordination, we overlaid the second matrix of microbial variables and chemical and microclimatic properties and calculated the linear correlations between the properties and ordination axes.
The statistical differences between areas and seasons were analyzed using the Multiple Response Permutation Procedure (MRPP) based on the Sørensen distance. The MRPP is a nonparametric method to test differences between groups in the multidimensional space. The MRPP and NMS were performed using the PC-ORD 6.0 statistical package (MJM Software, Gleneden Beach, OR, USA).
RESULTS
Site, sampling period and their interaction significantly influenced the soil microbial biomass and enzyme activities. The only exceptions were urease activity, which showed no significant difference between sites, and qCO 2 which only showed significant difference between sampling times. In addition, the interaction (site × sampling time) did not influence the arylsulfatase or urease activities.
Soil conditions, i.e., chemical and microclimatic properties, varied across the Cerrado gradient (Table 2) . Soil temperature did not vary during the rainy season but was highest in CG during the dry season. The pH values were highest in CG, while the Ca+Mg, K, P, N and TOC values were highest in CSS and CD in both seasons.
Similarly, the soil microbial properties showed significant changes across the Cerrado gradient (Figure 1) . The highest and lowest MBC and MBN values were found in CD and CG, respectively, in -----------------cmolc kg  -1 ---------------- In each season, means followed by the same letters do not differ significantly to the level of 5%.
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Soil respiration differed between sites during the rainy season, where CSS and CD presented the highest values, while in the dry season, the values were similar between sites. The microbial indices, i.e., qCO 2 and qMic, did not vary between sites during the rainy season. In the dry season, these indices showed a different pattern, where qCO 2 and qMic were, respectively, the highest and lowest in CG compared to the other sites.
The dehydrogenase, β-glycosidase and arylsulfatase activity and FDA hydrolysis showed lower values in CG than at the other sites, during both seasons (Figure 2 ). By contrast, the phosphatase and urease activity levels did not vary in the rainy season. During the dry season, phosphatase activity was highest in CG, while urease activity was highest in CG and CD.
The NMS explained 95% of the total variation distributed on axis 1 (73%) and axis 2 (22%) (Figure 3 ).
The distribution of samples along axis 1 showed a positive correlation with soil microbial properties, except for qCO 2 , which was negatively correlated ( Table 3) . Among the physicochemical variables, only pH showed no correlation with axis 1. Axis 2 separated the sites by season and correlated positively the most with biological variables and the moisture percentage. Soil temperature was negatively correlated with the two axes of ordination.
The analysis of MRPP showed that the sites were clearly separated into different groups, indicating (2): e20170536 that the distinct physiognomies and environmental conditions influenced the soil microbial biomass and enzymes (Table 4 ). The groups were ordinated from left to right as CG<CSS<CD. The result was confirmed by Pearson's correlation, which showed an increase in soil microbial biomass and enzyme activity, while temperature decreased across the Cerrado gradient.
DISCUSSION
The study showed the consistent effect of different seasons on soil microbial variables, usually with lower values during the dry than in the rainy season. This result indicates that the seasons affect the soil microbial biomass status in Brazilian Cerrados (Mendes et al., 2012) . Our study region presents two main seasons that differ by rainfall regime, and this characteristic alters soil moisture, which influences the soil microbial biomass and activity. According to Tabuchi et al. (2008) , soil moisture significantly influences the soil microbial community by increasing the available organic matter from woody debris and thus stimulating soil microbial biomass (Eaton & Chassot, 2012) . Therefore, our results showed that the rainy season contributes to higher soil moisture and, consequently, increased soil microbial biomass and enzyme activities. Eaton & Chassot (2012) who evaluated microbial variables in the Cerrado from Central Plateau, Brazil, and found higher soil microbial biomass and activity in the rainy season than during the dry season.
Different Brazilian Cerrado formations significantly influenced soil microbial variables due to the differences in the status of vegetation and soil properties found at these sites. Higher values for soil microbial biomass and activity were observed at CSS and CD and may be associated with the greater plant richness and diversity found at these sites, which provides a high quantity and quality of plant litter that contributes to the higher availability of above-and below-ground carbon sources for soil microbial biomass (Nsabimana et al., 2004) . According to Ribeiro et al. (2011) , the above-ground biomass in the Brazilian Cerrado varied from 12.8 to 107.3 ton ha -1 , while the estimation of below-ground biomass ranged from 15.0 to 102.1 ton ha -1 in the grassland and Cerradao, respectively. Therefore, these differences in the litter contribution influenced the soil microbial biomass across the gradient. Additionally, some studies have reported that more diverse plant communities positively affect soil microorganisms (Berg & Smalla, 2009; Wallenstein et al., 2007; Malchair et al., 2010; Lamb et al., 2011) . Wallenstein et al. (2007) evaluated the bacterial community between Alaskan tussock and shrub tundra vegetation and found that plant communities regulate bacterial communities through the quantity and chemical quality of plant litter in the soil. Additionally, soil chemical properties positively influenced the soil microbial biomass in CSS and CD because nutrients, such as P and K, contribute to increased microbial biomass . Araujo et al. (2012) evaluated the bacterial community in a Cerrado gradient from southeastern Brazil, and found higher nutrient levels in the Cerradao. These properties influenced soil microorganisms through the input of diverse nutrient sources into the belowground system. In our study, we can highlight the finding of the highest TOC in CSS and CD compared with CG, which also influenced soil microbial biomass. According to Mendes et al. (2012) , TOC was an important factor influencing soil microbial biomass and activity in the Cerrado SS and Cerradao. In a study in Cerrado from the Central Plateau, Mendes et al. (2012) observed that Cerradao had higher levels of organic C and soil microbial biomass than grassland.
Soil respiration showed different responses according to the rainy or dry season. In the dry season, the similar soil respiration values reflect the influence of soil environmental conditions, such as moisture and temperature, which drives microbial respiration. According to Bastida et al. (2008) , soil respiration can provide information about seasonal effects on soil microorganisms. However, in the rainy season, the lowest basal respiration in CG suggests a limitation of C in the soil for soil microorganisms, which can be confirmed by the results from microbial indices, i.e., qCO 2 and qMic, which presented high and low values in CG, respectively. Thus, some limiting factors for microbial biomass, such as a low amount of organic residues (Gama-Rodrigues & Gama-Rodrigues, 2008) and soil moisture (Mendes et al., 2012) , may have contributed to the use of C by soil microorganisms for their maintenance, increasing qCO 2 . Therefore, on one hand, microbial biomass decreases, thereby reducing qMic, on the other, the highest qMic values found in CSS and CD reflect the microbial efficiency in converting organic C into microbial C (Leite et al., 2003; Fernandes et al., 2012) .
The better soil conditions, i.e., organic C, nutrients, and moisture, found in CSS and CD positively influenced the enzyme activities in our study. Previously, Mendes et al. (2012) showed that in native or cropped Cerrado, these soil conditions influenced soil enzymes (Mendes et al., 2012) . In particular, organic C exerts a significant effect on soil enzymes such as C, N, P and S for soil microorganisms (Emmerling et al., 2000) , and thus, the enzyme activities increase according to the increase in organic matter content (Bending et al., 2002) . In addition, soil moisture favors the highest substrate availability for soil enzymatic activity (Carvalho et al., 2010) . Some previous studies have shown significant correlations between organic C content and FDA hydrolysis (Carneiro et al., 2013) , dehydrogenase (Lino et al., 2016) , β-glucosidase (Mganga et al., 2015) and arylsulfatase (Mendes et al., 2012) .
The NMS analysis showed the separation of sites according to their environmental conditions, i.e., chemical and microclimate properties, and soil microbial properties. This separation was more significant in the dry season. Soils under a tropical dry season usually present lower soil microbial biomass and enzyme activity due to the limited availability of substrates, mainly influenced by low moisture (Allison & Treseder, 8/10 Carvalho NS, Rocha SMB, Santos VM, Araujo FF, Araújo AS Floresta e Ambiente 2018; 25(2): e20170536 2008). Therefore, the soil under CG was more influenced by the seasons than other sites because of the lower plant cover and organic matter, which unfavorably reduces soil moisture and increases soil temperature. During the rainy season, the CSS and CD sites were closer, indicating similar and better soil conditions and nutrient availability, which contributed to the highest microbial biomass and activity.
CONCLUSION
The different physiognomies and soil conditions across the Cerrado gradient within the Sete Cidades National Park significantly influenced the status of soil microbial biomass and its biochemical processes. The soil microbial properties showed the variation under Campo Graminoide (CG) as a result of its soil conditions, i.e., temperature, moisture, and chemical properties, and less vegetation cover. On the other hand, soils under Cerradao (CD) presented high microbial biomass due to the better soil conditions and plant diversity.
